The arylacetonitrilase from Pseudomonas fluorescens EBC191 differs from previously studied arylacetonitrilases by its low enantiospecificity during the turnover of mandelonitrile and by the large amounts of amides that are formed in the course of this reaction. In the sequence of the nitrilase from P. fluorescens, a cysteine residue (Cys163) is present in direct neighborhood (toward the amino terminus) to the catalytic active cysteine residue, which is rather unique among bacterial nitrilases. Therefore, this cysteine residue was exchanged in the nitrilase from P. fluorescens EBC191 for various amino acid residues which are present in other nitrilases at the homologous position. The influence of these mutations on the reaction specificity and enantiospecificity was analyzed with (R,S)-mandelonitrile and (R,S)-2-phenylpropionitrile as substrates. The mutants obtained demonstrated significant differences in their amide-forming capacities. The exchange of Cys163 for asparagine or glutamine residues resulted in significantly increased amounts of amides formed. In contrast, a substitution for alanine or serine residues decreased the amounts of amides formed. The newly discovered mutation was combined with previously identified mutations which also resulted in increased amide formation. Thus, variants which possessed in addition to the mutation Cys163Asn also a deletion at the C terminus of the enzyme and/or the modification Ala165Arg were constructed. These constructs demonstrated increased amide formation capacity in comparison to the mutants carrying only single mutations. The recombinant plasmids that encoded enzyme variants which formed large amounts of mandeloamide or that formed almost stoichiometric amounts of mandelic acid from mandelonitrile were used to transform Escherichia coli strains that expressed a plant-derived (S)-hydroxynitrile lyase. The whole-cell biocatalysts obtained in this way converted benzaldehyde plus cyanide either to (S)-mandeloamide or (S)-mandelic acid with high yields and enantiopurities.
Nitrilases (EC 3.5.5.1) are hydrolytic enzymes found in many bacteria, fungi, and plants which convert nitriles to the corresponding carboxylic acids and ammonia. They are members of the CN hydrolase (or nitrilase) superfamily of enzymes, which also encompasses other enzymes which attack C-N bonds, such as aliphatic amidases, carbamoylases, and N-acyltransferases (1) . Nitrilases possess a catalytic triad which is composed of a cysteine, a glutamate, and a lysine residue and form during the catalytic cycle a covalent adduct between the cysteine residue and the carbon atom of the nitrile group (11, 12, 29) . Nitriles are important intermediates in chemical industry, and several processes which utilize the chemo-, regio-, or enantioselectivity of nitrilases for the production of commercially interesting products have been investigated (13, 16, 17, 18, 22, 26, 27, 33, 34) . There is also growing biotechnological interest in nitrilases because they form (as other members of the so-called nitrilase superfamily) spiral quaternary structures which can be studied by electron microscopy and which might be useful as templates in nanotechnology (30, 31) .
We are currently investigating a nitrilase from Pseudomonas fluorescens EBC191 which converts various substituted phenylacetonitriles [e.g., 2-phenylpropionitrile (2-PPN), mandelonitrile (2-hydroxyphenylacetonitrile), or phenylglycinonitrile (2-aminophenylacetonitrile)] and also aliphatic 2-acetoxynitriles with moderate enantioselectivities into the corresponding ␣-substituted carboxylic acids. This enzyme forms with certain nitriles also significant amounts of the corresponding amides as side products (3, 5, 8, 15, 19, 24) . The enzyme has recently been studied intensively in order to analyze the molecular basis for the substrate specificity, reaction specificity, and enantiospecificity of nitrilases (9, 10) . In the course of these investigations, the effects of various carboxy-terminal mutations and mutations in close proximity to the catalytic active cysteine residue were analyzed. These experiments demonstrated that deletions of 47 to 67 amino acids (aa) from the carboxy terminus of the nitrilase resulted in variant forms that demonstrated increased amide formation and an increased formation of the (R)-acids (9) . In addition, it was demonstrated that the size of the amino acid residue in direct proximity to the catalytic active cysteine residue (toward the C terminus) is determinative of the enantioselectivity of acid formation. Thus, it was found that only enzyme variants with large amino acid residues at this position showed a high degree of enantioselectivity for the formation of (R)-mandelic acid from racemic mandelonitrile (10) . In the present study, we investigated a set of enzyme variants that carried mutations located in the amino-terminal part of the enzyme (in relation to the catalytic active cysteine residue). Thus, several mutations that resulted in changes in the enantioselectivity of the reactions and increased formation of amides were identified.
RESULTS

Construction
of mutant enzymes carrying different amino acid exchanges at position 163. The previously performed sequence comparisons among different nitrilases (9) demonstrated pronounced differences in the amino acid residue which is located directly adjacent (toward the N terminus) to the indispensable catalytic active cysteine residue. Cysteine residues were found at this position in P. fluorescens EBC191 and Alcaligenes faecalis JM3; asparagine residues in Rhodococcus rhodochrous NCIMB11216, R. rhodochrous K22, and Klebsiella ozaenae; glutamine residues in Bacillus sp. strain OxB-1 and Comamonas testosteroni; and an alanine residue in Synechocystis sp. strain PCC6803 (9) . Therefore, it was decided that this residue in the nitrilase from P. fluorescens EBC191 would be modified, because it was expected that modifications of this residue could have a pronounced influence on the substrate specificity of the enzyme. The Cys163Ser, Cys163Ala, Cys163Gln, and Cys163Asn mutants were constructed. The initial analysis of the mutants obtained from the attempt to generate the Cys163Asn variant demonstrated two different ratios of acid/amide formed by individual clones. Therefore, the encoding genes from both types were sequenced, and a secondary mutation (Cys163Asn-Thr110Ile) was detected in one of the clones. Therefore, this mutant was also included in the following analysis. The recombinant clones were cultivated, the nitrilases induced by the addition of rhamnose, and resting cells analyzed for the conversion of the model substrates 2-phenylpropionitrile (2-PPN) and mandelonitrile (MN) with respect to the enzyme activities and enantioselectivities of the reactions.
Conversion of 2-phenylpropionitrile and mandelonitrile by the mutants. The Cys163Ser and Cys163Ala variants demonstrated no significant differences in the enzyme activities compared to the wild type (wt), but it was observed that the Cys163Ala enzyme variant showed an extremely low degree of enantioselectivity for the formation of (R)-mandelic acid (Table 1; see also Fig. S1 and S2 in the supplemental material). In contrast, both mutations resulted in significant decreases in the relative amounts of mandeloamide formed from mandelonitrile (Table 1 ; see also Fig. S2 in the supplemental material). The importance of this amino acid residue for amide formation was confirmed by the analysis of the Cys163Gln, Cys163Asn, and Cys163Asn-Thr110Ile mutants. These enzyme variants formed up to 59% of mandeloamide from the total amount of mandelonitrile converted ( Table 1 ). The increase in the amideforming ability of this group of mutants became especially evident when the formation of 2-phenylpropionamide (2-PPAA) from 2-PPN was analyzed. Thus, the Cys163Asn-Thr110Ile enzyme variant formed about 100-fold more 2-PPAA (in relation to the total amount of 2-PPN converted) than the wild type, although the relative activity of this mutant for the conversion of 2-PPN to 2-phenylpropionic acid (2-PPA) was only 4% of that observed for the wild type. Furthermore, it was found that the mutants carrying an asparagine or glutamine at the relevant position in the enzyme also demonstrated an increased enantioselectivity for the formation of (R)-mandelic acid.
Analysis of the function of individual amino acid residues within the proposed ␤-fold S4. It was shown in the previous paragraph that the additional introduction of the Thr110Ile mutation into the Cys163Asn enzyme variant resulted in an almost 6-fold increase in the relative amount of 2-PPAA formed from 2-PPN. The previously performed sequence alignments and comparisons to related proteins with solved structures suggested that this amino acid is part of (or at least directly adjacent to) a ␤-fold structure labeled S4 (9) . It has been suggested that this region forms in the nitrilase of Rhodococcus rhodochrous J1 a loop structure, which takes part in the formation of the "C-surface," which is essential for the formation of the spiral quaternary structure of nitrilases (30, 31) . It was therefore decided that individual amino acids within the relevant stretch of the amino acid sequence would be mutated and that a phenylalanine residue would be introduced at each available position in order to analyze the influence of a bulky residue on the substrate specificity and enantioselectivity. Thus, the Gly109Phe, Thr110Phe, Leu111Phe, Leu113Phe, Ala114Phe, Gln115Phe, Ala116Phe, and Ile117Phe mutants were generated. Furthermore, the Ala116Cys mutant was also generated, because this substitution was the only significant difference in the relevant sequence space between the sequences of the nitrilase from P. fluorescens and that of the nitrilase from Alcaligenes faecalis [which is highly enantiospecific for the formation of (R)-mandelic acid] (35, 36) . Initial experiments with the Gly109Phe and Ala114Phe variants showed that these mutants were inactive, and these mutants were therefore not further analyzed. It was demonstrated by SDS-gel electrophoresis that the Thr110Phe, Leu113Phe, and Ala116Cys nitrilase variants were expressed with intensities similar to those of the wild-type enzyme. In contrast, the Leu111Phe, Ala116Phe, and Ile117Phe enzyme variants were expressed with only about half this intensity.
The conversion of (R,S)-mandelonitrile and (R,S)-2-PPN by these mutant variants clearly demonstrated that only the mutation at position 110 resulted in the formation of increased amounts of the respective amides (Table 1 ; see also Fig. S3 and S4 in the supplemental material). In addition, the Thr110Phe mutant showed a significantly reduced enantioselectivity for the formation of (S)-PPA and thus confirmed the observations regarding the effects of mutations at position 110 that had been made during the comparison of the Cys163Asn and Cys163Asn-Thr110Ile mutants.
The analysis of the reactions with mandelonitrile confirmed for most mutants the trends observed during the turnover of 2-PPN. The only significant difference was observed for the Leu113Phe mutant. This enzyme demonstrated a significantly decreased enantioselectivity for the formation of (R)-mandelic acid in combination with an increased enantioselectivity for the formation of (S)-mandeloamide.
Influence of a free amide group in direct neighborhood to the catalytic active cysteine residue on amide formation. The results presented above demonstrated a pronounced increase in amide formation when an asparagine or glutamine residue was introduced at position 163. Similarly, it was previously found that among various mutants (the Ala165Gly, Ala165Phe, Ala165Tyr, Ala165Trp, Ala165His, Ala165Glu, and Ala165Arg mutants) which had been generated at position 165 (thus on the "other side" of the catalytic active cysteine residue), only the Ala165Arg mutant demonstrated an increase in amide formation (10) . This suggested that a free amino group in close proximity to the catalytic center (which could somehow "mimic" the amide function of the enzyme-bound reaction intermediate after the addition of the first water molecule) could result in an increased level of amide formation. Therefore, the Cys163Glu and Cys163Asp mutants (as "negative controls") and the Ala165Asn and Ala165Gln mutants were generated, and it was found that the mutants indeed showed the expected phenotypes. Thus, the Cys163Glu and Cys163Asp variants formed from mandelonitrile (after the complete conversion of the nitrile) only 1 and 9% amide, respectively. In contrast, the Ala165Asn and Ala165Gln mutants formed about twice as much mandeloamide as the wild-type enzyme ( Table 2) . Combination of different mutations in order to increase the amide formation capacity. It was previously found that deletions of 47 to 67 aa from the C terminus and also the replacement of the alanine residue at position 165 with an arginine residue resulted in increased amide formation (9, 10) . In addition, it was shown in the present study that the replacement of the cysteine residue at position 163 with an asparagine residue caused the same effect. It was therefore decided that the effects of combinations of these mutations would be tested. Therefore, the Nit(DelC-60)-Cys163Asn and Nit(DelC-60)-Cys163Asn-Ala165Arg mutants were constructed and the variants applied for the conversion of (R,S)-mandelonitrile and (R,S)-2-PPN. These experiments clearly demonstrated that the combination of the independently obtained mutations resulted in enzyme variants with further increased amide-forming capacities, but some differences for the conversion of both substrates were also observed ( Fig. 1 and 2 ). Thus, it was found with (R,S)-mandelonitrile as a substrate that the combination of the C-terminal deletion with the secondary mutation Cys163Asn resulted in an approximately 1.5-fold increase in the relative amount of mandeloamide formed (Fig. 1B and C) . This mutant formed more than twice as much mandeloamide than mandelic acid from (R,S)-mandelonitrile and thus demonstrated with this substrate the highest level of nitrile hydratase activity of all variants of the nitrilase from P. fluorescens ever observed. With (R,S)-mandelonitrile as a substrate, the introduction of the tertiary mutation Ala165Arg did not further enhance the relative amount of amide formed (Fig.  1D) . In contrast, this triple mutant demonstrated a significantly increased formation of amide from 2-PPN compared to the double mutant and converted this substrate to almost equimolar amounts of 2-PPA and 2-PPAA (Fig. 2D) . Thus, this mutant proved an almost 200-fold increase in relative amide formation compared to the wild type. Subsequently, a "4-fold" mutant which additionally also contained the amino acid exchange Thr110Ile was constructed, but this mutation resulted in no significant further increase in amide formation ( Table 2 ).
The chiral analysis of the produced acids and amides demonstrated that the Nit(DelC-60) mutant and all further developed mutants combined the increased amide formation with an increased tendency to form the (R)-enantiomers of the acids and amides ( Table 2) .
Application of the nitrilase mutants for the construction of "bienzymatic catalysts" which form either (S)-mandelic acid or (S)-mandeloamide.
It was previously demonstrated that the simultaneous expression of the nitrilase from P. fluorescens together with the (S)-specific oxynitrilase from cassava (Manihot esculenta) in a single recombinant E. coli strain allowed the construction of efficient "bienzymatic whole-cell catalysts" for the synthesis of (S)-mandelic acid and (S)-mandeloamide from benzaldehyde and cyanide. In these experiments, either the wild-type nitrilase or a C-terminally deleted nitrilase variant have been used. These constructions resulted in biocatalysts that formed (S)-mandelic acid and (S)-mandeloamide at a ratio of either about 8:5 (using the wild-type nitrilase) or 1:9 (using the C-terminally deleted mutant) (28) . These experiments demonstrated the principal feasibility of this concept but still resulted in the synthesis of mixtures of (S)-mandelic acid and (S)-mandeloamide. Therefore, the new nitrilase variants were tested in this system, and "double clones" which combined the heterologously expressed (S)-oxynitrilase either with the Cys163Ala nitrilase mutant (encoded by plasmid pCK201), which formed small amounts of amide and showed only a very low level of enantioselectivity during the conversion of mandelonitrile, or with the Nit(DelC-60)-Cys163Asn nitrilase variant (encoded by plasmid pOS105), which produced about 70% of amide from (R,S)-mandelonitrile, were constructed. Subsequently, resting cells of the "double clones" were incubated with benzaldehyde and cyanide, and it was demonstrated that the application of the nitrilase variants which were generated in the course of the present study indeed allowed the construction of "double clones" which converted benzaldehyde and cyanide to almost stoichiometric amounts of (S)-mandelic acid (Fig. 3) or (S)-mandeloamide (Fig. 4) . 
DISCUSSION
The conversion of nitriles to amides is in nature generally catalyzed by nitrile hydratases, which are noncorrinoid iron-or cobalt-containing lyases which do not share any homology to nitrilases with respect to their reaction mechanism, enzyme structure, and amino acid sequences (13, 14) . Nevertheless, there is evidence that for certain amide forming reactions, nature uses enzymes, which are closely related to nitrilases and which belong evolutionarily to the same subgroup within the nitrilase superfamily as true nitrilases. The best-characterized examples for this type of reactions are the cyanide hydratases fromfungalspeciessuchasFusariumoxysporumandGloeoecercospora Y, which convert cyanide to formamide (20) . In addition, it has recently been demonstrated that a certain group of plant-derived nitrilases ("NIT4") preferentially catalyze the transformation of 4-cyanoalanine, which is a typical cyanide detoxification product of plants, to the amide asparagine and not to the expected product aspartate (7, 23) . Thus, it is obvious that the enzymes of the nitrilase superfamily in principle possess the catalytic potential to hydrate nitriles to amides. In this context, it is an interesting observation that true nitrile hydratases are found almost exclusively in procaryotes and that only recently has there been a single report which suggested (from a purely genome sequence-based approach) that genes for a nitrile hydratase might also be present in a eukaryote (a protist) (4). In addition, it has been suggested that the nitrilase superfamily has evolved in eukaryotes and that members of this family have only subsequently been transferred by horizontal gene transfer to prokaryotes (21) . Thus, it might be speculated that the absence of true nitrile hydratases in eukaryotes has been the driving force for eukaryotes to adapt members of the nitrilase family to the synthesis of amides.
It was demonstrated in this and previous publications that different types of mutations can result in the formation of increased amounts of amides by the nitrilase from P. fluorescens EBC191. It was previously shown that deletion mutants with 47 to 67 amino acids missing at the C terminus of the enzyme and also mutants which carried an exchange of the alanine residue C-terminally adjacent to the catalytic active cysteine residue (Ala165) for an arginine residue each formed at least twice as much mandeloamide from racemic mandelonitrile as the wild type (9, 10). In addition, it was shown in the present study that modifications at position 163 of the nitrilase also had an important influence on the amide-forming process. Thus, it was found that the replacement of the Cys163 residue with a glutamine residue resulted in the transformation of more than half of the converted mandelonitrile to mandeloamide. This is the largest amount of amide formation that has been found in any of the mutants generated from the nitrilase of P. fluorescens EBC191 by a single amino acid exchange yet. The observed increase in amide formation by the introduction of an asparagine or glutamine residue at this position correlates with the results of our previous study which had shown that from different mutations generated at amino acid position 165 (thus "on the other side" of the catalytic active cysteine residue), only the introduction of an arginine residue resulted in significantly increased amide formation rates (10) . This might indicate that the presence of free NH 2 groups in the (3) . Nevertheless, it is also evident that the presence of a glutamine or asparagine residue at the relevant position is not indispensable for efficient amide production, because the NIT4 nitrilases from plants (e.g., those from Arabidopsis thaliana or Nicotina tabacum) do not possess these amino acid residues at the homologous positions. The complexity of the amide formation process is also stressed by the previously demonstrated dependence of amide formation from the chemical character of the substituents which are present on the alpha-carbon atom. Thus, it was demonstrated for a nitrilase (Nit1) from A. thaliana and also for the enzyme from P. fluorescens EBC191 that substituents with a strongly electronegative character (especially halogens) in the alpha position in relationship to the nitrile group result in extraordinarily large amounts of amides formed (2, 3) . The formation of amides is generally regarded as an unwanted side reaction when nitrilases are applied for biotransformation reactions, because this side reaction reduces the yield of the desired carboxylic acids and might also cause additional costs during downstream processing. In contrast, it could be demonstrated in the present work that also the amide-forming capacity of nitrilases can be a useful synthetic characteristic, if it is possible to largely suppress the acid formation at all and thus to use nitrilase variants as (preferentially enantioselective) nitrile hydratases. The progress that was achieved in the present study by demonstrating that the effect of independently generated mutations can be accumulated to a certain extent and thus allow previously unmatched amounts of amides to be formed from different substrates might offer the possibility of finally converting nitrilases into true nitrile hydratases which form stoichiometric amounts of amides from their substrates.
